Two series of Ge 0.8 Sn 0.2 samples were grown on Ge buffered Si substrate by molecular beam epitaxy (MBE) to investigate the influence of growth temperature and film thickness towards the evolution of surface morphology. A novel phenomena was observed that the Ge 0.8 Sn 0.2 film was segregated and relaxed by the formation of GeSn stripes on the film. Under specific growth condition, the stripes can cover nearly the whole surface. XRD, TEM, AFM, PL and TEM results indicated that the stripes are high quality single crystalline GeSn with Sn content around 5%. The formation of GeSn stripes proposes an effective strategy to fabricate high crystalline quality GeSn stripe on Si, where the Ge 0.8 Sn 0.2 film serves as precursor and the segregated Sn works as catalyst droplets. This technique has great potential for future optoelectronic and microelectronic applications.
temperature and the occupation area of GeSn stripes. Under certain growth temperature, the stripes covers nearly the whole surface of the film. XRD, TEM, AFM and PL tests are performed and their results indicate that the stripes on Ge 0.8 Sn 0.2 film are high quality single crystalline GeSn with 5% Sn content, and the stripes are formed by the migration of segregated Sn on Ge 0.8 Sn 0.2 film driven by the Gibbs energy gap between the Ge 0.8 Sn 0.2 film and GeSn stripes. These above results indicate that for high Sn content GeSn films, the over critical thickness growth may also cause the segregation of Sn on the surface. However, the segregated Sn may migrate on the surface and act as catalyst droplets for Ge 0.95 Sn 0.05 stripes production. Under specific growth condition, the Ge 0.95 Sn 0.05 stripe could cover nearly the whole surface of Ge 0.8 Sn 0.2 film, indicating that Ge 0.8 Sn 0.2 film spontaneously convert to Ge 0.95 Sn 0.05 stripes with the catalyst of segregated Sn. This is a phenomena can help us understand how Sn and Ge atom interact during epitaxy, and can be used for producing GeSn stripes with high crystalline quality, which has extensive application in Si-based nanoelectronics and optoelectronics.
Result
Series A samples were prepared to investigate the influence of growth temperature towards the surface morphology. Briefly, 50 nm GeSn films were grown on Ge buffered Si substrate via MBE (Molecular Beam Epitaxy) method at growth temperature varied from 155 to 170 °C, and the deposition rate of Ge and Sn were keep constant as r Ge = 0.06 nm/s and r Sn = 0.015 nm/s during the epitaxial progress of GeSn films (Table 1 ). Due to the characteristics of MBE method that the temperature of substrate would have negligible influence to the beam flow from source material, so the Ge and Sn deposition rate were constant while the substrate temperature range from 155 to 175 °C. The XRD results, microscope images and SEM image of series A samples are as shown in Fig. 1 . For GeSn samples prepared at 155 °C (Sample A1), only the peaks of strain and partly relaxed GeSn, Ge buffer and Si substrate are observed in XRD curves ( Fig. 1a ), different from other material, the relaxation of GeSn film prepared via MBE method appears as the emergence of a new peak with lower diffraction angle, rather the the shift of peak positon of the film 24 in its (004) XRD curves, and a SIMS (Secondary Ion Mass Spectroscopy) test had been conducted for sample A1 and its results confirms that the Sn content in GeSn film is 20% and homogeneous. (S1 in Supplementary Information), the Sn content is calculated to be 20.3% via the peak position, which agrees well with the result extracted from the Ge: Sn ratio and SIMS results. Figure 1b is the microscope image of sample A1, the surface is clear and smooth, no segregated Sn or other micro structure are observed on the surface. However, when the growth temperature of Ge 0.8 Sn 0.2 raised to 160 °C (sample A2), a new peak at 65.16 ° appears in the XRD curve, and stripe with length ranging from 50-100 μm are formed on the surface (Fig. 1c ). Further increase of growth temperature leads to the fade of Ge 0.8 Sn 0.2 peaks and the enhancement of peak at 65.16 ° (sample A3 and A4), accompanied by the raise of the length and density of stripes ( Fig. 1d,e ). Especially for sample A4, the Ge 0.8 Sn 0.2 peaks almost disappear, and nearly the whole surface is covered by stripes. The evolution of XRD curves and surface morphology with growth temperature shows clear regularity and relevance, a positive correlation can be confirmed between the peak intensity at 65.16 ° and the occupation area of stripes. This correlation indicates that the peak at 65.16 ° is signal from stripes, and the stripes are single crystalline GeSn with 5% Sn content. When the growth temperature increased to 175 °C (sample A5), the Ge 0.8 Sn 0.2 film segregated completely, confirmed by the disappearance of Ge 0.8 Sn 0.2 peaks in XRD curves and the coverage of segregated Sn on the surface (Fig. 1f ,g). A new peak with position at 65.75 ° appears, indicating that there are still 1.7% Sn atom remained in Ge atom matrix while most of Sn in Ge 0.8 Sn 0.2 film segregates to the surface. Meanwhile, it can be noticed that there is a bump on the right of GeSn stripe peaks in the XRD result of sample A4, which is supposed to be caused by the segregated area in the center of GeSn stripe patterns, the specific discussion can been seen in S2 in the Supplementary Information. Based on the above results, it can be found that excessive growth temperature (175 °C) led to the completely segregation of Ge 0.8 Sn 0.2 film while no segregated Sn or microstructure was formed on the Ge 0.8 Sn 0.2 film surface prepared under low growth temperature (155 °C). The formation of GeSn stripes only happened in a small range of growth temperature of Ge 0.8 Sn 0.2 film and the occupation area is directly proportional to the growth temperature, so the formation of GeSn stripes can be considered to be caused by the partly segregation of Ge 0.8 Sn 0.2 film.
To investigate the morphology evolution with film thickness, Ge 0.8 Sn 0.2 films with thickness ranging from 7 to 50 nm were grown on Ge buffered Si substrates at 170 °C (Series B samples). Figure 2a is the (004) XRD scanning curves of Series B samples and their corresponding microscope images are as shown in Fig. 2b -g. For sample B1 with thickness of 7 nm, the three peaks from left to right in the (004) XRD results correspond to the strained Series A (50 nm) A1 A2 A3 A4 A5 Table 1 . Parameters for the samples of series A and B. Growth parameters of GeSn samples grown on Ge buffered Si substrates. In this paper, two series of GeSn samples were prepared. In series A, 50 nm GeSn films with 20% Sn content were prepared at epitaxial temperature varied from 155 to 175 °C; in series B, GeSn films with 20% content were epitaxied at 170 °C, with their thickness ranging from 7 to 50 nm.
www.nature.com/scientificreports www.nature.com/scientificreports/ Ge 0.8 Sn 0.2 film, Ge buffer and Si substrate, respectively. The intensity of Ge 0.8 Sn 0.2 XRD peak is very low due to the small thickness (7 nm) of the film. The surface of sample B1 is clear and smooth, no segregated Sn or other micro structure is observed on the surface (Fig. 2b ). Continuous growth of Ge 0.8 Sn 0.2 film led to the appearance of a new peak on the right of strained Ge 0.8 Sn 0.2 peak in the (004) XRD curve. Considering the constant deposition rate of Ge and Sn, and no segregated Sn is observed on the surface (Fig. 2c ), the newly appeared peak is supposed to be caused by the relaxation of Ge 0.8 Sn 0.2 film. When the thickness of Ge 0.8 Sn 0.2 film reached to 29 nm (sample B3), GeSn stripes with length of ~50 μm formed on the surface (Fig. 2d ,e), while no new peak related to GeSn stripes is observed in the (004) XRD curves, which may caused by the smaller occupation area of GeSn stripes. Further deposition of Ge 0.8 Sn 0.2 film leads to the increase of density and length of GeSn stripes ( Fig. 2f,g) , causing the appearance and enhancement peak corresponded to GeSn stripes and the fade of peaks related to Ge 0.8 Sn 0.2 film. The above results indicate that the formation of GeSn stripes in series B samples occurred after the relaxation of Ge 0.8 Sn 0.2 film. A positive proportional relationship is confirmed between the length of the GeSn stripes and the film thickness (Growth Time), and the advanced velocity of GeSn stripe patterns is calculated as ~50 nm/s. Figure 3a -c are microscope images of GeSn stripes in sample A4 (50 nm Ge 0.8 Sn 0.2 film grown at 170 °C). It shows two kind of stripes -the larger and longer ones that extend from the center of the patterns, which are called 'stem' , the shorter and narrower ones that extend out from the 'stem' , which are called 'branch' , white spots can be found at the end of stripes, which are supposed to be the Sn droplets. The 2D and 3D AFM images ( Fig. 3d,e ) show the complex structure of a GeSn stripe at the end, while the suspected Sn droplets at the end of the stripe are removed by HCl solution in advance. The AFM line profile in Fig. 3f reveals that the center of stripe, which is called as ridge, is about 30 nm above the surrounding Ge 0.8 Sn 0.2 film, and two 50 nm deep trenches divide the stripe from the surrounding Ge 0.8 Sn 0.2 film. Another prominent features are bundle of ripple-like lines along the stripes, which are confirmed to be caused by the height fluctuation with a period of 1 μm via the AFM line profile in Fig. 3g . The presence of ridge and trench indicate that the formation of GeSn stripes is caused by the migration of Sn droplets, and the ripple-like lines along the stripes demonstrate that advance of the Sn droplets may be discrete with step length of 1 μm.
A confocal microscope equipped with a 785 nm solid-state laser was used to characterize the optical properties of GeSn stripe by photoluminescence (PL), and point A, B, C,D and E in Fig. 4a are the positions of incident light spots in the course of the PL test, Fig. 4b is the PL results measured at room temperature (290 k) for position A,B, C and D. Clear PL peaks with relatively high signal to noise ratio is achieved in the results of position A to D, indicating the low defect density and high crystalline quality in the GeSn stripes. Nearly the same peak position around 1900 nm for A to D agrees well with the bandgap calculated by the XRD result in Fig. 2a (0.65 eV), demonstrating the uniform Sn content along the GeSn stripe. Meanwhile, a temperature-dependent PL test were performed at position E and its results are plotted in Fig. 4c . There are two peaks in the PL results, the high-energy one, which originates from direct bandgap transition, is visible within the temperature range of 290 K to 110 K, and the low-energy one, which originates from indirect bandgap transition, can be distinguished in the temperature range from 80 K to 140 K. With the decreasing temperature, both the direct and indirect peaks experience a blue shift caused by the narrowing of bandgap. For direct peaks, the peak intensity decreased with decreasing temperature while peak intensity of the indirect ones increased instead, this can be explained by the fact the less electron occupation of the τ-valley as a result of suppressed thermal excitation from the lower L-valley at the low temperature. Compared to the works that had been published 25, 26 , the PL peak position of GeSn stripe is reasonable compared to the 1800 nm for 4% Sn content GeSn film and 1980 nm for 6% Sn content GeSn film, and the intensity of the direct PL peaks decreases and the indirect PL peaks increase with decrease temperature in this work, just as the results of GeSn films in previous work.
The crystalline quality of GeSn stripe, the interface between Sn droplet and GeSn stripe, as well as the epitaxial relationship between Ge buffer and GeSn stripe are characterized by high-resolution transmission electron microscope (HRTEM). The sample was first capped by a platinum layer, then milled by focus-ion-beam (FIB) to expose the cross-section along the black line in the inset of Fig. 5a for further investigation. Figure 5a is the low-magnification TEM image with its corresponding EDS mapping shown in Fig. 5f . The pink, orange and green spot in Fig. 5f represent the distribution of Sn, Ge and Si element, the accumulation of pink spots at the end of GeSn stripe confirms that the white spots observed in Fig. 3c are Sn droplets, the average Sn content in the stripe extracted from EDS results is about 5% and is in conformance with the results calculating from XRD peak position. In Fig. 5a , no threading dislocation is observed in the stripe area, demonstrating the high crystalline quality. The thickness of GeSn stripe is measured to be 80 nm, which is 30 nm higher than the initial Ge 0.8 Sn 0.2 film, agreed Fig. 3f . It is also found that the thickness of GeSn stripe under the Sn droplet decreases along the extension direction, confirming that the Ge 0.8 Sn 0.2 material at the interface of Sn droplets and GeSn stripes is consumed for GeSn stripe production. Figure 5b is the magnified TEM image of the interfacial area between GeSn stripe and Ge buffer, no clear boundary between GeSn stripe and Ge buffer is observed. A 20 nm high nano step is found at the surface of the stripe, which attributed the ripple-like line observed in Fig. 3d,e. Figure 5c1 and d1 are HRTEM images of the GeSn stripe surface and the interface between GeSn stripe and Ge buffer, with their SAED pattern displayed in Fig. 5c2 and d2 . A coherent interface was formed between GeSn stripe and Ge buffer along the <001> plane (Fig. 5d1) , and the SAED results in Fig. 5c2 and d2 further confirm the GeSn stripe is single crystal with a diamond cubic structure, and the epitaxial relationship between the GeSn stripe and Ge buffer. Figure 5e1 is HRTEM image of the interface of Sn droplets and GeSn stripe, with its SEAD pattern shown in Fig. 5e2 . The SEAD results reveal two sets of spots that corresponded to the GeSn stripe and the Sn, the GeSn stripe under the Sn droplets remains as a single crystal with a diamond cubic structure, whereas the Sn droplets presents a β-phase (body-centered tetragonal) single crystal, the different atomic arrangement at the interface (Fig. 5e1 ) also support the SEAD results in Fig. 5e2 .
Discussion
As a promising group IV material, GeSn has attracted a lot of attention and several work had been done to investigate the Sn segregation during the epitaxial progress of GeSn film with low Sn content (5-18%) aiming at figuring out the mechanism behind the segregation of Sn and thus optimizing the epitaxial technique, it's has been found out that beside the epitaxy breakdown caused by the accumulation of defect, the high growth temperature and the strain relaxation of GeSn film would lead to the segregation of Sn in GeSn film during epitaxial progress, and the behavior of segregated Sn on GeSn film can classified into 3 types ( Fig. 6a): (1) The segregated Sn leave stand still Sn particles on the surface 20,21 ; (2) The segregated Sn accumulates as Sn droplets, moving on the surface of GeSn film and etching the material it passed by, leaving etching traces behind 21 ; (3) The segregated Sn accumulates into Sn droplets, moving on the surface of GeSn film and leave Sn wires behind 22 . It's the energy gap between GeSn before and after segregation, the growth temperature, and the strain in GeSn film determine the driving energy of Sn droplets and thus determine the behavior of segregated Sn. If the driving energy of segregated Sn is too small to drive the Sn droplets moving on the surface, the segregated Sn tends to leave motionless Sn particles on the film, while the drive force is bigger enough to drive Sn droplets moving on the surface, the moving Sn droplets would etching the GeSn material it passed by or leave Sn wires behind.
In this work, Series A samples stated clearly that no GeSn stripes would form on the surface at low epitaxial temperature, and the formation of GeSn stripes is lead by the moving of segregated Sn. A positive proportion can be confirmed between the occupation area and the growth temperature, indicating the formation of GeSn stripe is related to high epitaxial temperature of Ge 0.8 Sn 0.2 film. Meanwhile, Series B samples made it clear that the formation of GeSn stripe occurred after the relaxation of Ge 0.8 Sn 0.2 film, demonstrating that the formation of GeSn stripes has a connection with the relaxation of Ge 0.8 Sn 0.2 film. Here, combining the results extract from Series A,B samples and previous work, it can be found that the formation of GeSn stripes is originate from the segregated Sn caused by excessive epitaxial temperature and the relaxation of GeSn film, just as the Sn segregation phenomenon observed in previous work. However, in this work, different from the results in previous work that segregated Sn stand still or move and leaving etching trace or Sn wires on the surface of GeSn film, the segregated Sn behave in a new ways, moving on the surface of Ge 0.8 Sn 0.2 film and converting the Ge 0.8 Sn 0.2 material it passed by and producing GeSn stripe behind. Here, the different behavior of segregated Sn come from the huge Gibbs free energy gap between the GeSn films before and after Sn segregation. The Gibbs free energy change during the Sn segregation progress can be wrote as ∆G = −(∆G V + ∆G S ) + ∆G in , where ∆G V is the reduction of the free energy from GeSn films to segregated Ge and the derivative (in this work are GeSn stripes and in previous work are motionless Sn particles, Sn wires or Sn etch trace), ∆G S is the decrease of strain energy caused by the conversion from GeSn film to GeSn stripe (this work) and segregated Ge (previous work), and ∆G in is the interfacial energy caused by the trenches formed beside the GeSn stripes (this work) or Sn etching trace and Sn wires (previous work). Due to the high Sn content (20%) in this work, the ∆G V and ∆G S are big enough to drive the movement of Sn droplets as well as converting the Ge 0.8 Sn 0.2 film to GeSn stripe at the same time (Fig. 6f ). It's the high Sn content in Ge 0.8 Sn 0.2 film generate large enough Gibbs free energy gap and thus make the segregated Sn behave in a new way. According the above results, the formation of GeSn stripes during the epitaxial progress of Ge 0.8 Sn 0.2 film can be described as follows: (1) 250 nm Ge buffer is deposited on Si(001) substrate (Fig. 6b); (2) the epitaxy of Ge 0.8 Sn 0.2 film is started (Fig. 6c); (3) as the progress of Ge 0.8 Sn 0.2 film growth, the thickness of Ge 0.8 Sn 0.2 film reaches its critical thickness (between 7 and 18 nm in this work) and gets relaxed. Further deposition of Ge 0.8 Sn 0.2 film leads to the accumulation of defects and the degeneration of the film, causing the segregation of Sn on the surface (Fig. 6d) ; (4) The segregated Sn accumulates as Sn droplet and migrates on the surface, it takes in Ge 0.8 Sn 0.2 film it passed by, and produces high quality GeSn stripe with 5% Sn content behind (Fig. 6e) .
The formation process of GeSn stirpes during the epitaxy of Ge 0.8 Sn 0.2 film, from micro terms, is that the segregated Sn acts as catalyst droplets, converting the Ge 0.8 Sn 0.2 film to GeSn stripe via the strain relaxation mechanism, and it's similar to the in-plane solid-liquid-solid (IPSLS) growth mode for Si nanowires synthesis reported by Yu 27, 28 , the difference is that the precursor film and metal catalyst droplets in this work are prepared at the same time during the epitaxy of Ge 0.8 Sn 0.2 film via strain relaxation mechanism. However, from the macro prospective, the formation of GeSn stripes can be seemed as GeSn with low Sn content participates from Ge 0.8 Sn 0.2 film, which means that the high Sn content GeSn film can spontaneously convert to high crystalline quality GeSn stripe with low Sn content during molecular beam epitaxy under certain growth temperature, and this gives a positive meaning to the Sn segregation phenomenon, which is harmful and hated before 29, 30 .
In summary, two series of Ge 0.8 Sn 0.2 samples were grown on Ge buffered Si substrates to investigate the influence of growth temperature and film thickness towards the morphology evolution of the surface, and it is found out that the over-temperature growth and the strain relaxation of Ge 0.8 Sn 0.2 film would lead to the formation of GeSn stripes on the surface. The results for XRD, microscope, AFM, PL and TEM confirm that the stripes are high quality single crystalline GeSn with 5% Sn content, and the formation of the GeSn stirpes is guided by the segregation and migration of Sn droplets via the over-temperature growth and strain relaxation of Ge 0.8 Sn 0.2 film. The formation of GeSn stripes reported in this work, from one hand, is a novel Sn segregation phenomena that can help us to better understand the interaction between the Sn and Ge atoms during epitaxy and optimize the growth technique. On the other hand, it proposes an effective strategy to fabricate high crystalline quality self-assembled GeSn stripe on Si using Ge 0.8 Sn 0.2 film as precursor without the need of extra step to prepare metal droplet catalyst, and has great potential for future optoelectronic and microelectronic applications.
Methods
Epitaxial Growth. All samples in this work were grown on 4 inch n-type Si(001) wafer (resistivity:1-10 Ω) using a solid source MBE chamber equipped with a Ge e-beam evaporator and Sn pyrolytic BN effusion cell for Ge and GeSn film deposition. The Si substrates was first cleaned via RCA method and then loaded into an ultrahigh-vacuum chamber, after the degassing at 300 °C, the Si substrates was transferred to growth chamber and heated at 850 °C for deoxidization. After that, 250 nm Ge buffer layer was deposited on the Si substrate, followed by five times cycle annealing to improve the crystalline quality in Ge buffer layer. Finally, Ge 0.8 Sn 0.2 films with constant deposition rate of r Ge = 0.06 nm/s and r Sn = 0.015 nm/s were grown under 155 to 175 °C.
Characterization. The XRD test was performed with PANalytical X'Pert MRD XL diffractometer at ambient environment. The AFM images were taken with AFM (DimensionEdge). Photoluminescence (PL) was conducted with a system consisting of a continuous wave laser of 785 nm with a maximum optical power of 2.5 W, a 15X Thorlabs reflective objective (NA = 0.3), a spectrometer whose f = 300 mm (Princeton Instrument SP-2300), an InGaAs photomultiplier tube (PMT) whose cutoff wavelength is 2400 nm and a Stanford SR830 lock-inamplifier. The TEM images were taken with a high-resolution TEM (Tecnai G2 F20 S-Twin) operating at electron beam energy of 200 KeV, and the energy-dispersive X-ray spectroscopy (EDS) measurement was taken with the aforementioned TEM under TEM model.
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